The mammalian soluble epoxide hydrolase (sEH) has both an epoxide hydrolase and a phosphatase domain. The role of sEH hydrolase activity in the metabolism of epoxyeicosatrienoic acids (EETs) and the activation of endothelial nitric oxide synthase (eNOS) in endothelial cells (ECs) has been well defined. However, far less is known about the role of sEH phosphatase activity in eNOS activation. In the present study, we investigated whether the phosphatase domain of sEH was involved in the eNOS activation in ECs.
Introduction
Soluble epoxide hydrolase (sEH), an enzyme with C-terminal epoxide hydrolase (EH) and N-terminal lipid phosphatase (PT) activities, is widely distributed in mammalian tissues, including arteries, heart, liver, intestine, kidney, brain, and lung. 1, 2 A role of the hydrolase activity of sEH in the metabolism of epoxyeicosatrienoic acids (EETs), inflammation, and hypertension is well documented. 3 -5 Pharmacological inhibition of hydrolase activity of sEH or genetic deletion of sEH increases the accumulation of EETs and other epoxy fatty acids, which attenuate angiotensin II-induced hypertension and cardiac hypertrophy in vitro and in vivo. Thus, sEH may be a therapeutic target for hypertension. 5, 6 In contrast to the EH activity, little is known about the biological role of N-terminal lipid phosphatase activity. The enzyme is thought to prefer phosphates on lipophilic compounds as a substrate. 1, 2 However, whether the phosphatase activity of sEH participates in the function of cardiovascular system and its underlying regulatory mechanism is largely unknown. Endothelium-derived nitric oxide (NO), a key regulator of vascular tone, is mainly controlled by the activity of endothelial NO synthase (eNOS). 7, 8 Dysregulation of eNOS in endothelial cells (ECs) has been implicated in the pathogenesis of hypertension. 9, 10 The activity of eNOS is tightly regulated by a complex network of kinase-and phosphatase-dependent pathways. 11 For example, treatment with vascular endothelial growth factor (VEGF) increases the phosphoinositide 3-kinase/Akt-dependent phosphorylation of eNOS, thus leading to eNOS activation and NO bioavailability in ECs. 12 In contrast, VEGF also activates protein phosphatase 2A to dephosphorylate eNOS, thereby decreasing its enzymatic activity. 13 Recently, treatment with exogenous EETs was found to cause EC-dependent vasodilation, which implies that the EH activity of sEH may have a potent role in the regulation of eNOS activity. 14 In this study, we hypothesize that the phosphatase domain of sEH also plays an important role in regulation of eNOS activation. We first investigate the phosphorylation status of eNOS in arteries isolated from wild-type (WT) mice and sEH-knockout (sEH 2/2 ) mice and then delineate the effect of EH or phosphatase domain of sEH in VEGF-induced NO production and eNOS phosphorylation. We also explore the molecular mechanisms underlying the phosphatase domain of sEH-mediated regulation of eNOS activation and examine the role of phosphatase activity of sEH in VEGF-induced angiogenesis in vitro and in vivo.
Methods

Reagents
Rabbit antibody (Ab) for phospho-eNOS at Ser617, Ser635, Ser-1179, and c-Src was from Cell Signaling Technology (Beverly, MA, USA). Rabbit Abs for eNOS, sEH, mouse Abs for phospho-Ser, phospho-Thr, goat Ab for sEH, FITC-conjugated donkey anti-rabbit Ab, and Protein A/G PLUS-Agarose were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse Ab for phospho-Tyr was from BD Biosciences (San Jose, CA, USA). Mouse Ab for a-tubulin, rabbit anti-HA, FITC-conjugated goat anti-mouse Ab, PP1, DAF-2 DA, Griess reagent, and rhodamine redconjugated goat-anti-rabbit Ab were from Sigma-Aldrich (St Louis, MO, USA). Rabbit Ab for Flag was from GeneMark (Taipei, Taiwan). Recombinant human VEGF and the ELISA kit for cGMP were from R&D systems (Minneapolis, MN, USA). DAPI was from Boehringer Mannheim Biochemicals (Basel, Germany). The BrdU proliferation assay kit was from Roche (Mannheim, Germany). N-acetyl-S-farnesyl-L-cysteine (AFC) was from Enzo Life Sciences (Plymouth Meeting, PA, USA). 12-(3-Adamantan-1-yl-ureido)-dodecanoic acid (AUDA) was synthesized as described. 15 
Animals
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) , and all animal experiments were approved by the Animal Care and Utilization Committee of the National Yang-Ming University. Eight-week-old male C57BL/6J WT and Ephx2 tm1/Gon2/J (sEH 2/2 ) mice on a C57BL/6J background were purchased from Jackson Laboratory (Bar Harbor, ME, USA). sEH 2/2 mice were backcrossed to C57BL/6J for at least 10 generations. At the end of experiment, mice were euthanized with CO 2 and then aortas were harvested and stored at 2808C.
Cell culture
Bovine aortic endothelial cells (BAECs) were obtained from Cell Applications (San Diego, CA, USA) and were cultured in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum, 100 unit/mL penicillin, and 100 mg/mL streptomycin (HyClone, Logan, UT, USA) in a humidified 95% air-5% CO 2 incubator at 378C. 
Plasmid construction
Detection of NO and cGMP assay
Accumulated nitrite (NO 2 -), the stable breakdown product of NO, in culture media, was measured by mixing an equal volume of Griess reagent and then incubating at room temperature for 15 min. The azo dye production was then analysed by the use of a SP-8001 UV/VIS spectrophotometer (Metertech, Taipei, Taiwan) with absorbance set at 540 nm. Sodium nitrite was used as a standard. NO production was also measured by comparing DAF-2 DA (an NO sensitive dye) fluorescence staining by use of a Nikon TE2000-U fluorescence microscope. Intracellular levels of cGMP in ECs were assessed by ELISA kit according to the manufacturer's instructions and normalized to protein content as determined by the Bradford assay.
Protein extraction and immunoblot analysis
BAECs were lysed by SDS lysis buffer, which contained 1% Triton, 0.1% SDS, 0.2% sodium azide, 0.5% sodium deoxycholate, and proteinase inhibitors [1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 10 mg/mL aprotinin, 1 mg/mL leupeptin]. Lysates were centrifuged at 12 000 rpm for 5 min, and the resulting supernatant was collected. The extracted protein was quantified by protein assay. Aliquots (50 mg) of cellular lysate was separated by 8% SDS -PAGE and transferred to BioTrace TM PVDF membrane (Pall). After a blocking with 5% skim milk, blots were incubated with primary Abs and then corresponding secondary Abs. The protein bands were detected by use of an enhanced chemiluminescence kit and quantified by use of ImageQuant 5.2 (Healthcare Bio-Sciences, Philadelphia, PA, USA).
Immunoprecipitation (IP)
Cells were lysed with the immunoprecipitation (IP) lysis buffer, which contained 50 mmol/L Tris (pH 7.5), 5 mmol/L EDTA, 300 mmol/L NaCl, 1% Triton X-100, 1 mmol/L PMSF, 10 mg/mL aprotinin, 1 mg/mL leupeptin, Tyr phosphatase cocktail I, and Ser/Thr phosphatase cocktail II. Cells were sheared by brief sonication on ice, and cellular debris was N-terminal domain of sEH in eNOS activation removed by centrifugation at 10 000g for 10 min. Aliquots (1000 mg) of lysates were incubated with anti-sEH Ab or anti-Flag Ab overnight at 48C, and then for 2 h at 48C with 20 mL Protein A/G PLUS-Agarose. Immune complexes were collected by centrifugation and washed three times with ice-cold phosphate-buffered saline (PBS). After a final wash, the supernatant was discarded and the pellet was resuspended in SDS lysis buffer, and then boiled in 5× SDS loading dye for 5 min. Protein was separated by SDS-PAGE and transferred on PVDF membranes. Immunoprecipitated proteins were then detected with anti-HA, anti-Flag, anti-eNOS, anti-phospho-Tyr, or anti-phospho-Ser/Thr Abs.
Mammalian two-hybrid system
Mouse full-length sEH cDNA was sub-cloned into pM vector (Clontech, CA, USA) with the MluI and XbaI cutting site. Human eNOS cDNA was sub-cloned into pVP16 vector (Clontech, CA, USA) with the HindIII cutting site. Plasmids for control, pM-AD-sEH, pVP16BD-eNOS, and pG5SEAP (secreted human alkaline phosphatase) were co-transfected into BAECs by Lipofectamine 2000. After 48 h, cells were treated with or without VEGF (12.5, 25, and 50 ng/mL) for additional 4 h. Culture media were collected and subjected to chemiluminescence assays by the use of GreatEscAPe SEAP chemiluminescence detection kits (Clontech, CA, USA).
Confocal microscopy
BAECs were fixed with 4% paraformaldehyde and incubated with 1% bovine serum albumin in PBS. After washing, cells were incubated in mouse anti-eNOS, rabbit anti-sEH, or control Abs at 48C overnight. After a washing with PBS for three times, cells were incubated with Rhodamine red-conjugated goat anti-rabbit or FITC-conjugated goat-anti-mouse secondary Ab. Images were viewed by Olympus FV1000 laser confocal microscopy (Olympus, Tokyo, Japan).
In vitro angiogenesis (tube formation) assay
The tube formation assay was performed as described. 17 ECL Cell Attachment Matrix was added to 24-well plates and polymerized overnight at 378C. Cells were seeded onto the layer of matrix gel and incubated in the presence of indicated treatments for 4 h. Tube formation was assessed by microscopy and quantified by counting the number of branch points.
In vivo Matrigel plug angiogenesis assay
To induce the formation of new blood vessels in vivo, Matrigel (8 mg/mL) was mixed with heparin (50 U/mL), AFC (50 mmol/L), AUDA (10 mmol/L), with or without VEGF (50 ng/mL), and then injected into subcutaneous tissue of mice. At day 7 postinjection, the Matrigel plugs were removed and photographed. The haemoglobin assay was performed after Matrigel plugs were homogenized and incubated with Drabkin's reagent for 30 min at room temperature. The haemoglobin concentration was calculated at 540 nm.
Measurement of intracellular reactive oxygen species levels
The membrane-permeable probe HE and DCFH-DA (Molecular Probes, Eugene OR, USA) were used to assess intracellular reactive oxygen species (ROS) levels. 18, 19 Oxidation of HE by ROS, preferentially by
, forms red fluorescent ethidium, whereas oxidation of DCFH-DA by ROS, particularly by H 2 O 2 , yields fluorescent DCFH. Briefly, BAECs H.-H. Hou et al.
were washed with PBS and incubated in cell medium containing 10 mmol/ L HE or 20 mmol/L DCFH-DA at 378C for 45 min. Subsequently, the cell medium containing HE or DCFH-DA was removed and replaced with fresh medium. Cells were then incubated VEGF (50 ng/mL) in the absence or presence of AFC (50 mmol/L) for 30 min. Cells were washed twice with PBS, detached with trypsin/EDTA, and the fluorescence intensity of the cells analysed using an FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) at 530 nm excitation and 620 nm emission for ethidium and at 488 nm excitation and 530 nm emission for DCF.
Determination of NADPH oxidase activity
BAECs were incubated VEGF (50 ng/mL) in the absence or presence of AFC (50 mmol/L) for 30 min. The activity of NADPH oxidase was analysed by EnzyChrom TM NADP + /NADPH assay kit according to the manufacturer's instructions.
Statistical analysis
Results are presented as mean + SEM from five independent experiments. The Mann-Whitney test was used to compare two independent groups. The Kruskal -Wallis analysis followed by Bonferroni post hoc correction was used to account for multiple testing. Statistical analysis involved use of SPSS v8.0 (SPSS Inc., Chicago, IL, USA). A P , 0.05 was considered statistically significant.
Results
Phosphatase domain of sEH negatively regulates VEGF-induced NO production and eNOS phosphorylation
We first investigated the role of sEH in regulation of eNOS activation. As revealed by western blot analysis, eNOS phosphorylation in aortas was significantly increased in sEH 2/2 mice when compared with WT mice ( Figure 1A) . To evaluate the specific role of phosphatase and hydrolase activities of sEH in eNOS activation, BAECs were pre-treated with AFC (an inhibitor of sEH phosphatase activity) or AUDA (an inhibitor of hydrolase activity of sEH). 20 As shown in Figure 1B -E, treatment with AFC promoted the VEGF-induced increase in the NO bioavailability and cGMP production. However, AUDA treatment failed to produce such effects. It has been reported that phosphorylation of Ser617, Ser635, 
N-terminal domain of sEH in eNOS activation
Ser1179, or Thr497 in eNOS plays an important role in the regulation of its enzymatic activity in BAECs. 11 Our data further demonstrated that treatment with AFC prolonged the VEGFmediated eNOS phosphorylation at Ser617, Ser635, and Ser1179, but had no effect on the eNOS phosphorylation at Thr497 (data not shown). To provide further evidence that phosphatase activity of sEH is critical in eNOS activation, we depleted the phosphatase activity of sEH by overexpressing a full-length sEH with catalytic inactive phosphatase. As shown in Figure 2A , B, E and Supplementary material online, Figure S1 , VEGF-mediated production of NO and cGMP and eNOS phosphorylation at Ser617, Ser635, and Ser1179 were further augmented with overexpression of the inactive phosphatase domain, whereas overexpression of inactive EH domain had no effect. In contrast, overexpression of the phosphatase domain (N-terminus) of sEH totally abrogated VEGF-induced increase in the production of NO and cGMP and eNOS phosphorylation at Ser617, Ser635, and Ser1179 ( Figure 2C , D, F and Supplementary material online, Figure S1 ). These results indicate that the phosphatase domain of sEH is important in the regulation of eNOS activation. were IP with anti-eNOS Ab and immunoblotted (IB) with anti-eNOS or anti-sEH Ab. (B) BAECs were treated with VEGF (50 ng/mL) for 10 min. Cells were then fixed and subjected to immunofluorescence staining with anti-eNOS or anti-sEH Ab. Nuclei were stained with DAPI. The peri-nucleus co-localization of eNOS and sEH was indicated by arrow heads. (C ) BAECs were cotransfected with pM, pVP, pM-sEH, pVP-eNOS, pM3-VP16, or pG5SEAP for 48 h. Cells were then treated with or without VEGF (12.5, 25, 50 ng/mL) for another 4 h. The pM3-VP16/pG5SEAP-transfected group was as a positive control. The SEAP activity in culture media was determined by GreatEscAPe SEAP chemiluminescence detection kits. *P , 0.05 vs. 0 min group (A), pM-sEH/pVP-eNOS/pG5SEAP or pM3-VP16 alone group (C).
VEGF increases the association of sEH and eNOS and tyrosine phosphorylation of sEH
The physiological interaction of eNOS with intracellular proteins plays an important role in the regulation of eNOS activity.
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However, whether sEH interacts directly with eNOS or participates in VEGF-mediated eNOS activation remains unknown. Results from IP assay revealed that sEH was associated with eNOS under normal conditions, and VEGF treatment increased the interaction of sEH and eNOS in a time-dependent manner, with maximal effect at 10 min after treatment ( Figure 3A) . Additionally, the results of confocal microscopy showed that the co-localization of sEH and eNOS was increased in response to VEGF ( Figure 3B) . Additionally, the physical interaction between sEH and eNOS was further supported by the mammalian two-hybrid system. Treatment with VEGF induced an increase in the interaction of pM-sEH and pVP-eNOS, as revealed by the increase in SEAP activity in the medium ( Figure 3C ), which suggests the importance of sEH in eNOS activation. We also found that treatment with VEGF induced a transient tyrosine (Tyr) phosphorylation of sEH within 5-10 min after treatment, which returned to the basal level at 15 min ( Figure 4A ). In contrast, VEGF had no effect on Serine or Threonine phosphorylation of sEH ( Figure 4B and C).
c-Src signalling is essential for the VEGF-induced increase in sEH phosphorylation and association of sEH and eNOS
In silico modelling (NetPhos 2.0 and NetPhosK 1.0; http://www.cbs.dtu. dk/services/NetPhos/) 24 predicted that c-Src kinase is a possible candidate and may participate in the Tyr phosphorylation of sEH. In addition, c-Src kinase is known to play a key role in VEGF-mediated eNOS activation. 25 Therefore, we examined whether VEGF-induced formation of a sEH-eNOS complex requires Tyr phosphorylation of sEH by c-Src. Pretreatment with PP1 (a c-Src kinase inhibitor) or overexpression with K298M (a c-Src kinase dominant-negative mutant) abolished the VEGF-induced increase in sEH phosphorylation ( Figure 5A and B) and interaction of sEH and eNOS ( Figure 5C and D) .
Moreover, results of the mammalian two-hybrid system further demonstrated that suppression of c-Src activation inhibited the sEH-eNOS interaction-mediated increase in SEAP activity ( Figure 5E ). These results indicate that c-Src kinase activation is involved in the VEGF-induced increase in sEH phosphorylation and association of the sEH-eNOS complex.
Phosphatase domain of sEH regulates VEGF-induced angiogenesis
NO-dependent angiogenesis is a critical remodelling process in the development of new blood vessels or in wound healing. 26 -29 We next investigated whether the phosphatase domain of sEH is involved in these physiological functions in ECs treated with VEGF. As shown in Figure 6A , blocking the phosphatase activity of sEH with AFC or the PT mutant markedly attenuated the VEGF-elicited EC tube formation, as seen by increased number of branch points, whereas AUDA had no effect, which suggests the crucial role of phosphatase activity of sEH in VEGF-mediated promotion of EC tube formation. On the other hand, it has been reported that ROS derived from NAD(P)H oxidase also play a critical role in the regulation of VEGF-mediated angiogenesis. 30 We therefore investigated whether the activity of sEH phosphatase is involved in the VEGF-mediated activation of NAD(P)H oxidase signalling pathway. A shown in Supplementary material online, Figure S2 , pharmacological inhibition of sEH phosphatase by AFC did not affect VEGF-induced increase in NAD(P)H oxidase activity and ROS production. To confirm the in vitro findings, we next used Matrigel plug assay to assess the role of sEH on angiogenesis in vivo. As shown in Figure 6B , VEGF promoted vascularization, as determined by the haemoglobin content, in Matrigel plugs in WT mice. AFC alone in Matrigel plugs could significantly increase the content of haemoglobin when compared with the control. Moreover, AFC markedly enhanced the VEGF-induced increase in haemoglobin content in Matrigel plugs; however, AUDA failed to generate such effects. Interestingly, the vascularization was greatly augmented in sEH 2/2 mice with or without VEGF treatment when compared with WT mice. These findings suggest that both phosphatase and sEH activities of sEH play a vital role in the physiological function of ECs in vivo.
Discussion
In this study, we characterized the molecular mechanisms underlying the role of sEH phosphatase activity in the activation of eNOS in ECs. Exposing ECs to VEGF promoted NO production, which was a consequence of increased eNOS phosphorylation. 12 Moreover, we
showed that the phosphatase activity of sEH was involved in the regulation of eNOS activity in vitro and in vivo. Use of pharmacological inhibitors or genetic manipulation revealed that the VEGF-induced eNOS activation was negatively regulated by the phosphatase domain of sEH. We have not addressed if the increased eNOS phosphorylation resulting from inhibition of the phosphatase activity of sEH is a direct or indirect effect on eNOS. In parallel to eNOS activation, exposing ECs to VEGF for only 10 min enhanced the Tyr phosphorylation of sEH and markedly increased the physical interaction of sEH with eNOS. More importantly, this increased sEH-eNOS interaction was abrogated by a specific c-Src kinase antagonist or mutant, which targeted the c-Src signalling pathway. Likewise, the enhanced phosphorylation of sEH and eNOS was prevented by inhibiting the c-Src pathway. Therefore, the c-Src signalling-mediated phosphorylation of sEH and eNOS was required for promoting the formation of the sEH-eNOS complex in ECs stimulated with VEGF. Additionally, we investigated the effect of phosphatase activity of sEH on the activation of eNOS induced by simvastatin, a clinical lipid-lowing drug that is well known for its role in the regulation of eNOS phosphorylation in ECs. 31 Interestingly, inhibition of sEH phosphatase activity further augmented the simvastatin-induced NO production and prolonged the phosphorylation of eNOS (Supplementary material online, Figure S3 ). These findings suggest that the inhibitory effect of sEH phosphatase on eNOS activation was not limited to VEGF stimulation. Collectively, these findings suggest that the phosphatase domain of sEH is vital in the regulation of eNOS activation and physiological function of ECs. The EH activity of sEH and EETs has been implicated in cardiovascular diseases. 5,6,32 -35 For instance, exogenous treatment with EETs cause vessel relaxation through an EC-dependent mechanism.
14 Blockage of the EH activity of sEH by a pharmacological antagonist N-terminal domain of sEH in eNOS activation significantly attenuated angiotensin II-mediated hypertension 5 and cardiac hypertrophy 6 and retarded the progression of atherosclerosis in experimental animals. 35 Because the N-terminal domain of sEH has been reported to be a phosphatase with isoprenoid mono-and pyrophosphate hydrolysis activity, 36, 37 it presumably is a regulator for cellular function. However, the significance of the phosphatase activity of sEH and signalling pathways underlying its regulation of eNOS activity remains elusive. In this study, we targeted the N-terminal phosphatase domain of sEH as a regulator for eNOS activation. We found that the phosphatase activity of sEH is critical for VEGF-mediated eNOS phosphorylation and NO production by using a specific pharmacological inhibitor and plasmids expressing the phosphatase domain of sEH only or full-length sEH with inactive phosphatase.
Our findings regarding the function of the phosphatase activity of sEH are not limited to the cell model. Mixing AFC in a Matrigel plug significantly increased vascularization in the absence or presence of VEGF; AUDA had no such effects, which suggests the critical role of sEH phosphatase activity in EC function. In addition, eNOS phosphorylation in the aortas of sEH 2/2 mice was increased when compared with the aortas of WT mice. Furthermore, deletion of sEH promoted angiogenesis in vivo. However, the vessels of our knockout mice were devoid of both phosphatase and hydrolase domains of sEH, so we cannot determine which domain of sEH contributes to the increase in eNOS phosphorylation and angiogenesis. Inhibition of EH activity or genetic disruption of sEH in WT mice has resulted in increased concentration of EETs in blood, which indicates the possible involvement of hydrolase activities of sEH in eNOS activation. 38, 39 This notion was further supported by results of increased angiogenesis in AUDA-treated WT mice and sEH 2/2 mice without VEGF treatment. Interestingly, inhibition of the Nterminal phosphatase activity and the C-terminal EH activity should have opposite effects on the regulation of eNOS activity. However, our data suggest that in concert with EETs, the phosphatase activity of sEH in ECs may also participate in the regulation of eNOS activity in vivo.
In addition to the phosphorylation-and dephosphorylationdependent regulation of eNOS activity, the physical interaction of eNOS with intracellular proteins is crucial in the regulation of eNOS activation in response to various stimuli. 11,13,21 -23 For example, statins induce the recruitment of heat shock protein 90 to eNOS and facilitates the dissociation of eNOS from caveolin-1, thus leading to eNOS activation. 21 In this study, we showed that sEH associates with eNOS in ECs without stimulation, which is markedly increased in response to VEGF treatment, accompanied by an increase in Tyr phosphorylation of sEH. More importantly, we demonstrated that c-Src kinase, a key regulator in eNOS activation by VEGF or other agonists in ECs, 23 is the upstream signalling molecule for the Tyr phosphorylation of sEH and the formation of a sEH-eNOS complex. Although the exact molecular mechanisms underlying the cross-talk among c-Src, sEH, and eNOS remain to be uncovered, our results are the first to indicate that both kinase-dependent regulation and protein-protein interaction are significantly involved in the VEGF-mediated Tyr phosphorylation of sEH and interaction with eNOS, as well as NO biosynthesis. In summary, we provide evidence that VEGF triggers the activation of c-Src signalling, which leads to enhanced sEH phosphorylation and increased sEH-eNOS interaction. Ultimately, these alterations negatively modulate the eNOS activation and NO production in ECs. The molecular mechanisms revealed in this study may provide important information for novel pharmacological targets for the treatment of eNOS-related cardiovascular diseases.
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